Low Cycle Fatigue (LCF) damage is the life-limiting factor for rotating components in advanced gas turbines. LCF tests in laboratory are generally conducted in strain control using smooth cylindrical specimens. Smooth geometry may not represent actual component, as LCF life can be significantly influenced by notches present in components and the latter is not accounted by the data based on smooth specimens.
Introduction
Low cycle fatigue (LCF) is the major form of damage incurred during service and is the lifelimiting factor for majority of rotating components (~75%) in advanced aero engines [1] . Life limiting factors are the presence of notches, keyways or change in the section thickness that cannot be avoided due to design considerations, as these geometrical discontinuities act as stress concentrators resulting in reduced fatigue life. Similarly, components in service may suffer foreign object damage (FOD) and presence of machining marks may also act as stress concentrators. Consequently, LCF tests conducted in laboratories using smooth cylindrical specimen may not be entirely appropriate, since LCF life of aero engine components can be significantly influenced by geometrical discontinuities. Cracks can initiate in gas turbine components at these geometrical discontinuities and can reduce fatigue life by several orders depending upon the stress concentration, testing conditions, temperature and microstructural parameters.
Alloy 718 is an important nickel-iron base superalloy designed for applications upto 650°C, and is extensively used in fabrication of aeroengine compressor discs, where resistance to LCF at elevated temperature is an important requirement. Geometrical discontinuities present in compressor discs can act as stress concentrators and affect LCF life. Not much information is available in open literature on effect of notches on LCF life of alloy 718 under strain control loading condition. Effect of notches on LCF life of alloy 718 has been studied using double edge notch in stress control mode [2] . Studies have been performed to overcome the problem of time dependent notch sensitivity [3] and rotary bending fatigue in the presence of a partial notch [4] .
Large amount of data available in literature on the effect of notches on fatigue life has been generated using circumferential notch. Use of circumferential notch may not be entirely appropriate, because of the difference in diameters between smooth and circumferential notch specimens. Due to a circumferential notch, there is a decrease in volume of the specimen [5] . In order to eliminate difference in volume between smooth and circumferential notch, a tangential slot notch was used to evaluate its effect on LCF life of alloy 718 in strain control, as it removes very small percentage of the specimen cross sectional area and covers only a small portion of the circumference [6] . So comparison can easily be made between the smooth and notch specimens without much variation in their volume/surface area. In the present study, effect of tangential slot notch on LCF life of Alloy 718 has been studied at 25 C and 650 C.
Experimental Procedures
Material LCF specimen blanks were extracted from hot rolled bars of 20 mm diameter in as rolled condition. Nominal chemical composition of Alloy 718 is given in Table 1 . Specimen blanks were subjected to conventional heat treatment (STA) consisting of a solution treatment (annealed for 1 hour at 950 C, air cooled to room temperature) and a double aging treatment (aged for 8 hours at 720 C, furnace cooled @ 55 C/hour to 620 C and held at 620 C for a 8 hours and subsequently air cooled to room temperature). Tensile tests were conducted on specimens in fully aged condition at 25 C and 650 C at a strain rate of 2 x 10 -3 sec -1 .
LCF Tests
Tangential slot notch was machined using an electric discharge machine (EDM). Slot notch was machined on smooth specimen in the center of guage length of 12 mm having a guage diameter of 6.35 mm (dimensions of slot notch are 0.2 mm depth with a width of 0.4 mm). Slot notch was cut on the specimen after removing all the circumferential marks, when the surface finish on specimen was <0.2 m as per ASTM-E-606 [7] . Procedure for calculating stress concentration factor for slot notch is given by Manson and Hirschberg [8] . They assumed that the notch was machined entirely around the specimen in one method and in the second their assumption was that the specimen was square and that the notches were machined across two opposite faces. Both these methods indicated the stress concentration to be 3. Peterson [9] computed the stress concentration factors for both the configurations. We also assume same stress concentration factor of 3 for slot notch used in this study. Specimen used for fatigue testing is given below in figure 1. LCF tests were conducted on Dartec test system (M1000RK) in tension-tension loading with R=0 (0-max ) in axial strain control with a frequency of 0.3 Hz using a triangular waveform for total strain ranges of 0.3-1.8%. High temperature tests were performed in air environment.
Section at X-X (from
Average grain size was estimated using a Leica image analyzer [10] . Fractography studies were done on a JEOL Scanning Electron Microscope (JSM 5410) after the samples were cleaned with acetone using an ultrasonic cleaner. Secondary electron mode was used for observing fractured surfaces.
Results and Discussion

Microstructure
Microstructure in fully heat-treated condition revealed an average grain size of 7µm with spherical delta phase along grain boundaries as shown in figure 2.
Figure 2 : Micrograph at 400X Tensile Properties
Results of tensile tests at 25 C and 650 C are presented in Table 2 . From the above results, it is observed that there is a decrease in yield strength and ultimate tensile strength with temperature. As expected, %El. and %R.A. increased with increasing temperature. Strength and ductility results of the current study are in agreement with property levels observed in alloy 718 used in aerospace industry [11] .
Notched Low Cycle Fatigue Properties
Comparison of results of LCF tests with slot notch at 25 C and 650 C is shown in figure 3 . Total strain range vs. cycles to failure has been plotted on a log-log scale. In a normally expected trend, it is observed that fatigue life decreases with increasing total strain range at ambient as well as elevated temperature. It is also observed that the fatigue life of specimens at 650°C is lower than that corresponding to room temperatures in the range of ~0.5-1.8% total strain range. Below 0.4% total strain range, the trend is reversed. Similar behavior in LCF life on smooth specimens in alloy 718 was observed by Sanders et al. [12] . These authors found that at higher strain ranges, the lower fatigue life occurred at higher temperatures, as generally expected. At lower strain ranges, they found that longer cyclic lives occurred at higher temperature. Reason attributed by Sanders et al. [12] for the inversion of LCF behavior in lower strain range regime is change in deformation modes from twinning to slip with increasing temperature. These authors found that deformation mode was twinning in temperature range of 200°C-430°C and predominant mode of deformation was found to be slip in the range of 540°C-650°C. In the present study characterization by transmission electron microscope is under way to understand the deformation mechanisms operating at higher and lower strain range as a function of temperature. Kawagoishi et al. [4] have also observed a similar behavior in their studies on rotating bending tests (stress controlled) containing partial notch in alloy 718. These authors attributed the main reason for the suppression of small crack growth is crack closure caused by the oxidation of crack faces, leading to higher life at elevated temperature at low stress levels. They found that commencement of crack arrest and the length of arrested cracks at low stress levels is very similar to those at the fatigue limit, and this is the reason why the fatigue strength is higher at elevated temperature than at room temperature.
In the present study it is assumed that the longer life at low strain range and elevated temperature of 650°C could be attributed to oxidation of the crack surfaces resulting in crack closure and higher fatigue life, as the applied strain of 0.3% is low. Fractographic features at the crack initiation sites were observed on specimens tested at 0.3% total strain range at 25°C and 650°C. Fractograph of room temperature specimen at 0.3% total strain range does not reveal any oxidation at the crack initiation site, whereas oxidation has been found to be present at the crack initiation site of specimens at 650°C as shown in figure 4. Based on observation it is assumed that the lack of oxidation in 25°C specimen will not allow crack closure, whereas, the presence of oxidation at 650°C at crack initiation site leads to crack closure at low strain range. Crack arrest due to crack closure at elevated temperature at a total strain range of 0.3% may be the reason for higher LCF life at 650°C in the present study.
Plastic Strain Amplitude versus Life
Coffin-Manson (C-M) [13, 14] relationship between plastic strain amplitude and fatigue life is given in figure 5. C-M plot of slot notch fatigue specimens is found to exhibit a bilinear relationship between the plastic strain amplitude and fatigue life at 25°C and 650°C. In the plastic strain amplitude range of ~ 0.4 -0.01%, it is observed that LCF life at 650°C is lower than life corresponding to 25°C.
Below plastic strain amplitude of 0.008% (hyper), the trend is reversed. Slot notch fatigue data at room and elevated temperature can be represented by two distinct regions (hypo and hyper regions) with different slopes in each region.
f ' and C values for high and low strain amplitudes for two regions of the curves at 25°C and 650°C are given in Table 3 . From table 3 it is observed that the 'C' values of upper portion (High p ) of the curves are almost similar for ambient and elevated temperature. At elevated temperature the value of 'C' is lower than the value of 'C' at ambient temperature for lower portion of C-M plot (Low p ).
Smooth versus Notched Fatigue Life
Notched fatigue life at room temperature and 650°C is compared with smooth fatigue specimen data from Sanders et al. [12] and is given in figures 6 (a) and 6 (b) respectively. From figure 6(a), it is observed that the fatigue life of slot notch is considerably lower (~one order) than smooth specimen. Smooth specimen data is from Sanders et al. [12] and only one room temperature data point is available. Parameters used for generation of smooth fatigue data by Sanders et al. are almost similar to the parameters used in current study. Similar comparison at 650°C as presented in figure 6 (b) indicates that the fatigue life of slot notch is again considerably lower than smooth specimen. At higher total strain ranges difference in fatigue lives between smooth and slot notch seems minimal and this difference in fatigue lives is found to increase with decreasing total strain range.
Stress Response Curves
Variation of stress range with life as a function of total strain range at 25 C and 650 C is shown in figure 7 (a) and 7(b) respectively. At room temperature it is observed from figure 7(a) that the stress response is almost stable for majority of life for strain ranges 0.3% to 1.2%. For strain ranges 1.5 and 1.8% small amount of softening is observed in the later part of life. No hardening was found at all the strain ranges at room temperature in the present study. It is observed that for all the strains ranges, stress got stabilized from the start of cycling followed by softening. Reasons for saturation of stress range can be attributed to the dynamic equilibrium between multiplication and annihilation of dislocations [15] , which has been found in the total strain range of 0.3% to 1.2%. From the above it can be concluded that the stress response of the material behavior is stable, even in the presence of a notch for majority of life. From figure 7(b) it is observed that the variation of stress range is almost constant till end of life for strain ranges 0.3% and 0.6%. It is also observed that degree of softening increased with increasing total strain range from 0.9 to 1.8%. Softening was found to be moderate for strain range 0.9% and increased substantially for strain ranges from 1.2 to 1.8%. It is also observed that for strains ranges 0.3 and 0.6%, stress response got stabilized from the start of cycling almost till the end of life. At all other strain ranges, the material started softening from the start of cycling. Softening in INCO 718 has been attributed to several factors. Clark and McEvily [16] and Merrick [17] attributed softening to shearing of `` precipitates by dislocations. Fournier and Pineau [18] had shown that in alloy 718 the deformation bands were only apparently denuded at precipitates and did not accept the hypothesis of Merrick [17] who attributed softening process to the dissolution of precipitates. Kalluri et al. [19] had noticed that at room temperature Inconel 718 under fatigue, channelization of deformation seems to occur in planar slip bands after `` are sheared during the initial stages of cycling. A detailed TEM study needs to be performed on fatigue specimens to determine the deformation mechanisms operative at ambient and elevated temperature to provide a definitive answer for softening behavior in 718 under the influence of a slot notch.
